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I. INTRODUCTION
T HE development of silicon (Si) photonics [1] - [7] has been a major thrust in the pursuit of truly high-performance integrated optics for communications and computer interconnects. It has matured substantially over the past decade, fueled by milestone achievements in vital basic integrated-photonics building blocks, including Si modulators, Si lasers, Si detectors, and Si passive optics. The scaling down of this approach to the ultrasmall (<0.1 μm 2 -area) dimensions via the use of Si nanowire waveguides has been made possible by leveraging the same highly developed Si fabrication tools and infrastructure used in modern CMOS Si fabrication foundries for integrated electronics. In turn this ultrasmall scaling has led not only to ultracompact highly efficient photonic integrated circuits, but also devices and systems with fundamentally new optical properties, physics, and functionality, especially when the optical confinement in these structures approaches the size of the operating wavelength itself. These new and, in many cases, unexpected properties are made manifest in both the linear and nonlinear optical response of the basic Si wire waveguide. In this review paper, we discuss some of these new properties, along with early demonstrations of their utility.
The unique properties of silicon-wire devices are determined by several distinctive features of the silicon-on-insulator (SOI)-materials platform. Silicon has a large refractive index (n ∼ 3.5), which, in conjunction with a low-index waveguide cladding (n ∼ 1 for air or n ∼ 1.45 for silica), permits tight confinement of light to sub-wavelength dimensions. Waveguide structures supporting guided modes at telecom wavelengths can readily be engineered with cross-sectional dimensions of only a few hundred nanometers [8] - [11] ; this deep scaling to ultrasmall cross-sections, (<0.1 μm 2 ) consequently allows for the design of optical devices with compact device areas and, in many cases, enhanced performance, including highly efficient modulators [12] - [14] , switches [15] - [17] , filters [11] , [18] , and mode converters [19] - [21] . The utility of high index contrast has been noted in earlier generations of devices using III-V materials for integrated optical technologies; see for example, [22] , [23] . This device size reduction also leads to a set of structural advantages such as the possibility for dispersion engineering, high optical-field densities, reduced group velocities and thus groupvelocity-enhanced effects, and unique optical properties of the supported guided modes such as a strong longitudinal electric field component. Furthermore, the reduced group-velocity and high optical intensities inherent to Si waveguides can work in tandem to enhance Si's already extremely large third-order nonlinear optical susceptibility, which is intrinsically about 2-3 orders of magnitude larger than that of silica [24] .
This diverse constellation of optical properties for Si nanowires has given rise to many new applications of waveguides on Si chips. For example, the enhanced effective nonlinearity of Si-wire waveguides results in such short nonlinear lengths, that they can behave as optical "fibers on a chip," allowing the vast array of methods and mechanisms for nonlinear guided-wave signal manipulation that have been demonstrated in standard [25] - [27] and highly nonlinear optical fibers [27] to be realized on an integrated monolithic platform. Similarly, Si waveguides have found a foothold in optical sensor technologies on account of the strong overlap between the guided modes of integrated devices and target media or particles. In short, new applications have been enabled by new physics associated with manipulating and confining light on the nanoscale. Fig. 1 . Typical Si-on-insulator (SOI) materials stack including thin Si device/epi layer, SiO 2 buried-oxide-layer (BOX), and thick Si handle wafer used to form Si-wire waveguide fabricated on the SOI platform. Waveguide widths typically vary between 300-700 nm, and waveguide heights typically vary between 200-400 nm. The waveguide Si is decoupled from the Si wafer by a BOX between 1-3 μm thick. Fig. 2 . SEM micrographs of typical Si wire waveguides, S-bend (left) and straight guide (right). The Si waveguides were fabricated using HSQ photoresist or HBr/Cl etching; the waveguide cross-section area is 250 × 600 nm 2 (height × width). The HSQ hard-mask is still visible on the waveguide top surface and the waveguide sidewalls are vertical and smooth.
In this paper, we will explore in more detail the unusual optical properties of these Si wire waveguides and examine the distinct applications enabled by these properties. Our paper is organized as follows: First we introduce the rationale for examining Si nanowire waveguides and explain how these wires are fabricated. We then discuss how the combination of their geometry and optical materials properties lead to their distinctive modal properties and unusually large longitudinal fields. These properties are then shown, in combination with the strong optical nonlinearity of Si, to lead to a set of unique guided-wave nonlinear optical properties. A key issue of harnessing this nonlinear response is to utilize the large geometrical dispersion inherent in Si wires; this issue is discussed in Section V. We then discuss several new and unique applications areas relying on the unique optical properties of Si wires, including the use of periodically structured wire variation to achieve wide-spectral bandwidth wavelength-conversion for wavelength shifting, applications related to enhanced longitudinal electric fields, and use of Si nonlinear optical anisotropy for phase matching.
II. SILICON NANOWIRES-WAVEGUIDE FABRICATION, LOSS, AND COUPLING
This section presents the geometry, fabrication methods, loss, and optical input and output coupling methods for Si nanowires.
Si photonic wires are waveguides typically patterned on a SOI wafer or chip with a 1-3 μm-thick buried oxide layer (BOX), 100-300 nm Si device layers, and generally oriented such that the waveguide is aligned along the [11 0] crystallographic axis of the Si device layer [9] . A typical material structure and ridge waveguide is shown in Fig. 1 and SEM micrographs of fabricated wires are shown in Fig. 2 . This choice of [11 0] orientation is selected to place the waveguide facet along a cleavage plane of Si for the ready formation of high-quality end facets. The waveguide cross-sectional geometry is often selected to allow for single-mode operation of either the quasi-TE (QTE) or quasi-TM (QTM) mode and can be adjusted to tailor many waveguide properties, such as dispersion [28] - [32] , effective nonlinearity [33] - [35] , and even the modal characteristics for multimode interconnects [20] .
Extensive research has shown that optical loss at C-band wavelengths in Si-wires is largely determined by scattering loss induced by sidewall roughness of the etched waveguide. This loss, including a useful expression for the upper bound of the loss is discussed in [7] , [10] . Scattering loss can be reduced by using advanced dry-etching methods such as hydrogen bromide reactive-ion-etching in conjunction with optical lithography [36] . In particular, state-of-the-art waveguide losses for channel waveguides using such etching and e-beam patterning are typically measured to be α in ≈ 1.0-3.0 dB/cm near Fig. 3 . Sketch of an on-chip mode-converter based on a nanotaper with extended tip. From Ref. [36] . λ = 1550 nm [37] . If the operating wavelength is in the mid-IR region scattering losses can be smaller but substrate absorption will increase [38] - [40] . Highly confined guided modes of Si wires result in the ability to realize tight waveguide bends and, in fact, bends with negligible loss have been demonstrated with radii <5 μm [41] , [42] . These low losses and tight bends make it possible to explore chip-scale photonic networks and systems, and to deploy high-capacity photonic interconnects to enable the future realization of highly parallel networks-on-achip [43] . The origin of loss in Si wires has been examined using analytic coupled-mode theory as well as numerically using finite-difference time-domain computations and has revealed that propagation loss is largely attributable to residual roughness on the waveguide walls, as long as the BOX layer is sufficiently thick to prevent evanescent coupling to the bulk Si substrate [42] . In addition, a waveguide etching technique has been recently reported that makes use of Si oxidation instead of plasma etching, to fabricate etchless waveguides exhibiting exceptionally low loss [44] . Finally, optical confinement can even be traded against waveguide loss, where weakly guided Si waveguides can be fabricated that feature propagation losses <0.1 dB/cm, allowing the integration of high quality optical delay lines and resonators [45] .
Recently there has been an emphasis in developing low-loss wire waveguides for use with mid-IR wavelengths. The primary issue in this case is not patterning and etching of the basic wire structure but rather in developing methods to reduce absorption by the substrate dielectric layer. This absorption becomes a serious source of loss if the substrate is SiO 2 , as in the usual SOI designs discussed here. Furthermore, if the wavelength of interest shifts toward the mid-IR, i.e., > 2 μm, optical loss in SiO 2 increases dramatically due to overlap with vibrational transitions in SiO 2 . There are several approaches to eliminating substrate loss including the use of a transparent dielectric substrate such as silicon on sapphire or the use of suspended Si waveguides such as those obtained by selective etching of the SiO 2 BOX layer on an SOI substrate [46] .
Because of their extremely small cross section, development of methods for efficient input-and output-coupling into these waveguides is a major issue for low insertion loss and overall device efficiency. To accomplish this coupling, index tapering has been extensively employed, with the use of inversetaper-coupling techniques being most prevalent, including bare polymer-clad [47] , [41] and oxide-clad mode converters [48] , which allow particularly efficient input-and output-coupling. In many cases, however, the basic inverse-taper coupling of a bare waveguide is satisfactory (see Fig. 3 ). More recently, grating couplers have become increasingly relied on to direct out-ofplane light into in-plane waveguides on a Si chip. This approach is particularly useful especially given the push towards realizing large numbers of parallel-fabricated devices on a single chip or wafer. Such out of plane couplers allow rapid testing with automated optical testing instruments [49] . It should be noted that end-fire coupling techniques (inverse and fan-out tapers) are usually designed for matching to lensed-tapered fibers (having a spot size of ∼2.5 μm), whereas grating couplers are typically designed for matching to a cleaved single mode fiber (having a spot size of ∼10 μm).
III. SILICON-WIRE WAVEGUIDE MODES AND THEIR ENHANCED LONGITUDINAL ELECTRIC FIELDS
The distinctive optical properties of Si nanowires are immediately revealed through an examination of the modal properties of the wire waveguides; these modal properties are the focus of this section. Silicon wires can be designed for single-mode operation by reducing their dimensions to ∼200-300 nm in height and 400-500 nm in width, clad with either SiO 2 or air. One unique property of Si wires is that their tight confinement leads to changes in the relative strengths of the polarization of the optical field in the waveguide compared to what is typically observed in less confined waveguides. In fact, highly confined guided modes can possess electric and magnetic field components in all three spatial dimensions, including the longitudinal component that is oriented along the axis of modal propagation, in stark contrast to low-index contrast systems, which tend to exhibit negligible longitudinal components.
The origin of the longitudinal electric field within a waveguide can be understood through a simple consideration of Maxwell's equations. In a translationally invariant waveguide, the electric field vector may be described as E (r) = E(r ⊥ )exp(−jβz) where β is the propagation constant, z is the direction of propagation, r is the position vector, and r ⊥ is the transverse position vector [50] , [51] . For an invariant dielectric profile in the z direction, the longitudinal electric field can be expressed, via application of Gauss' law, as ∂E z /∂z = − 1 n 2 ∇ T · n 2 E T , see for example, [52] , where E T denotes the transverse electric field complex amplitude (E xx +E yŷ ) and ∇ T = ∂ ∂ xx + ∂ ∂ yŷ is the transverse gradient. In piecewise homogeneous regions, one can show that E z = ∇ T · E T /jβ. Equivalently, then
where n eff is the effective index of the mode and λ 0 the freespace wavelength. For QTE and QTM modes, ∇ T · E T ∼ ∂E x /∂x and ∇ T · E T ∼ ∂E y /∂y, respectively. One immediate feature of the longitudinal component amplitude revealed by Eq. (1) is that the strength of the longitudinal component is related to the transverse gradient of the transverse components. Thus, high-index-contrast systems, which allow for tight modal confinement, result in substantial transverse-field gradients and thus large longitudinal electric fields. Optical confinement is also very sensitive to waveguide geometry, especially in subwavelength Si nanowire waveguides, opening the ability to engineer the strength of the longitudinal electric field by simply adjusting waveguide dimensions. Finally, Eq. (1) shows that the complex amplitude of the longitudinal field is in quadrature (π/2) phase with respect to the transverse fields. This will be shown to have important consequences on energy transport in Si nanowires, including low group velocities in these systems, while also allowing for new applications that leverage the optical gradient force along the longitudinal component without an associated force resulting from momentum transfer.
Note that Eq. (1) is particularly useful within the usual limits of the effective index approximation. Exact solutions do exist for the modal fields in high-index-contrast cylindrical waveguides [54] yet no such solutions are available for a strip-waveguide configuration. In fact, Fig. 4 shows a calculation of this enhancement for the case of the longitudinal field of the HE 11 mode of wire guide for two different cladding materials in such a cylindrical waveguide. Since no exact solutions exist for the channel case, numerical analysis is necessary for obtaining and investigating these wire waveguides. Calculations of the full-vectorial modal components in Si nanowire can be accomplished using, e.g., finite-element methods, and as an example, Fig. 5 shows the calculated E x and E y components of the fundamental QTE and QTM modes at λ = 1.55 μm supported by a Si nanowire waveguide with 260 × 400 nm 2 (height, h × width, w) dimensions surrounded by silicon-dioxide (SiO 2 ) cladding, as well as the associated E z component. Here, the material indices of refraction are assumed to be 3.5, 1.5, and 1 for Si, SiO 2 , and air, respectively. In the figure, all fields are normalized to the peak dominant electric field component, i.e., the E x (E y ) component for the QTE (QTM) mode.
The results displayed in the figure show not only that the modes are not purely transverse but also that the longitudinal components are of comparable amplitude to the transverse components. In this case the maximum E z amplitude is found to be ∼ 63% (78%) of that of the maximum x-component (ycomponent) amplitude. In addition, |E z | has its maximum value where the transverse spatial derivative also has maximum value, as expected from Eq. (1), and the largest E z amplitude appears in the vicinity of the waveguide sidewalls for QTE modes and the top/bottom waveguide boundaries for QTM modes.
A. Energy Transport and Group Velocity
The unique polarization properties of Si waveguide modes, which are due to their strong optical confinement, have important consequences for energy transport and their group velocity. In particular, when considering propagating electromagnetic fields, the longitudinal component of the electric and magnetic fields can be shown to contribute to time-averaged energy density but not to time-averaged power flow. This fact has interesting implications when combined with basic considerations of group velocity.
Group velocity, v g , gives the speed at which time-averaged energy is transported by a mode, and thus can be considered the speed at which information is transferred through a medium. The parameter v g is related to first-order dispersion, β 1 , by
1 . It is clear that increasingly high values of dispersion lead to slower group velocities. In fact, high-index contrast subwavelength Si waveguides are known to have high waveguide dispersion, leading to relatively substantial group indices that can in the range of n g = c/v g = 3.5-5. Group velocity also connects the time-averaged energy density per unit length, W tot , and the total integrated time-averaged power flux, P tot . In fact, v g is the proportionality constant between the two, as shown by
where
is the total time-averaged power carried by the waveguide mode, found by integrating the time-averaged value of the Poynting vector defined above over an infinite transverse plane. Using the expressions for W tot and S, and equating the right-hand sides of both Eqs. (2) and (3), the following relation is obtained [50] :
Note that the expression for W tot on the left-hand side of Eq. (4) includes material dispersion. From Eq. (4), for a given λ and index profile, n (r ⊥ ), it is clear that the longitudinal field components, E z and H z , have no effect on the right-hand-side (time-averaged power flux), however, they do affect the left-hand-side (time-averaged stored energy per unit length) of the equation. Roughly, as E z is tuned, v g will vary inversely such that Eq. (4) holds. In the absence of material dispersion, a closely related expression, v g = v p (f T − f z ), shows that the ratio between the group (v g ) and phase (v p ) velocities depend on the fractions f T and f z of modal energy contained in the transverse and longitudinal field components, respectively [55] . This simplified expression illustrates the relationship between E z and v g for these translationally invariant systems. The calculated dependence of the group velocity and E z on waveguide dimensions is presented below.
IV. DISPERSION AND ITS CONTROL
The small geometry and high-index contrast of Si-wire waveguides act to tightly confine optical modes; this tight confinement also makes the waveguide's propagation constant highly sensitive to the dimensions and geometry of the wire. In turn, tight confinement causes the dispersion of the waveguide to depend critically on these same quantities. This sensitivity has both positive and negative consequences since it means that it is possible to control or engineer waveguide dispersion through waveguide design, while on the other hand it renders the dispersion highly dependent on fabrication error. Waveguidedispersion engineering has in fact been demonstrated previously by several groups. Thus dispersion engineering was earlier shown in PCFs [56] , submicron waveguides [28] - [33] , and multimode fibers [57] . Strong dispersion allows manipulation of the properties of an optical pulse as it propagates along a waveguide on a silicon chip and, by extension, the transmission rate of silicon-based optical interconnects [58] .
Calculations of the dimensional variation of dispersion in submicrometer silicon wires, in a SiO 2 cladding, were first shown by [31] using several wire cross-sectional dimensions. Subsequent measurements and calculations by [59] , [32] , and [33] showed clearly that such structures could be fabricated and their dispersion measured. In addition, [32] demonstrated that the GVD parameter, D, could be tuned from −2000 to 1000 ps/(nm·km) in such waveguides. Later, [29] calculated the dispersive properties of larger-dimension rib waveguides using the effective-index method approximation and explored this variation on soliton propagation. More recently an investigation of conformal thin overlayers of Si 3 N 4 , to flatten the variation in dispersion coefficient with wavelength in SPWs was reported [30] , [60] . Measurement of dispersion in SPWs has been carried out using Mach-Zehnder interferometric methods, modulation phase-shift methods [60] , and frequency mixing using highfrequency spectrum analyzers.
A. Methods to Control or Set Dispersion 1) Geometry:
The dispersion of nanowires can be manipulated most directly via control of their geometrical dispersion, which is accomplished by changes in the dimensions or aspect ratio of the waveguide core [29] , [31] - [33] , [59] . Of course this approach also, via a change in waveguide cross-sectional area, can alter drastically the effective waveguide nonlinearity. Fig. 6 shows plots of the computed effective index of refraction, and first-through third-order dispersion coefficients as a function of wavelength for four different Si-wire dimensions.
Geometric-mediated change in dispersion has also been used to aid linear propagation effects in Si wires. In particular, [61] has reported a numerical calculation, which showed that the presence of slots in waveguides reduces the effective optical nonlinearity in air-clad waveguides. In this case, the slots retain confinement in the waveguides but increase modal overlap in the air slot region of these wires. As a result the slotted waveguide will suppress unwanted nonlinearities in the guided-mode medium. Similarly [62] , also showed that layered wire waveguides could also be used for dispersion management for both linear and nonlinear applications. In this case, careful design of the layered structures showed that it was possible to form an unusually broad, flat dispersion curve across a ∼550 nm bandwidth. This flat dispersion is useful for many applications; including allowing undistorted propagation of ultrashort pulses, or permitting multiple wavelengths to propagate without temporal distortion.
2) Film Overcoating: A second approach to engineer Si-wire dispersion borrows from a related method used in dispersionshifted optical fibers [25] , [63] . This approach is based on a thin conformal layer of silicon nitride (Si 3 N 4 ) overlayers and/or oxide [30] , [60] covering the nanowire surface. The most important aspect of using such an overlayer method for dispersion control is that it does not cause the concomitant reduction in the effective nonlinearity of the wire waveguide that is seen when dispersion is varied through changes (expansion) in the waveguide dimension [30] , [60] . Specifically the work of Liu et al. showed clearly that variation in the thickness of a conformal thin-film of Si 3 N 4 could be used to tune the dispersion of a Si wire waveguide. This approach is summarized by Fig. 7 , which contains an inset showing an etched Si core of height, h, and width, w, in a buried-oxide layer. The core is covered with a conformal Si 3 N 4 thin film of thickness, t, which is capped with a thick oxide layer. The figure shows that at λ = 1.55 μm with only oxide cladding present, i.e., t = 0, the GVD is 530 ps/nm·km; while the presence of 60 nm conformal Si 3 N 4 overlayer also reduces this dispersion to only 40 ps/nm·km. This low value allows efficient phase-matched wavelength conversion or four-wavemixing (FWM) parametric gain at low pump power [64] - [66] . The use of thin overlayers also reduces fourth-order dispersion [65] , [66] and allows zero-group-velocity dispersion points to be shifted in wavelength. Finally the use of composite waveguide structures to flatten waveguide dispersion has been examined via finite element calculations and the Sellmeier equations. In fact a structure was shown to enable dispersion to be flattened to within 0 ±16 ps/(nm · km) over a spectral bandwidth of 553 nm [62] .
V. NONLINEAR OPTICAL RESPONSE
As indicated in the introduction, nonlinear-optical phenomena and devices have also been a major area of research for the use of silicon nanowire waveguides [31] , [68] - [71] . The tightconfinement of wire waveguides, along with the high intrinsic third-order susceptibility of Si, result in an effective nonlinear coefficient, γ, which is ∼10 5 × as large as that in optical fibers [35] , [27] . Thus nonlinear optical phenomena and applications can be examined and harnessed using chip-scale-length Si wires and with comparatively low pump intensity. In this section, we review the basic nonlinear optical properties of these wires and show that several unexpected nonlinear optical phenomena are possible in wire waveguides. Silicon's crystalline structure gives a strong but intrinsically anisotropic Kerr nonlinearity [67] , [71. In bulk Si, a third-order (electronic) susceptibility tensor, χ (3) , must be used to describe its nonlinearity rather than a single scalar parameter. Fortunately the many possible tensor elements of χ (3) can be reduced by employing the crystal symmetry to two independent elements (χ (3) 1111 and χ (3) 1122 ) [72] ; the ratio of these two elements has been experimentally determined to be χ (3) 1111 /χ (3) 1122 = 2.36 [67] thus allowing χ (3) to be specified by one tensor component plus this ratio [35] .
In order to determine the waveguide nonlinear coefficient, γ, we use the relation [31] 
where A 0 = (h × w) is the cross-sectional area of the waveguide; Γ is the real part of Γ, which is the complex effective third-order nonlinear coefficient; ε 0 is the permittivity of free space; and v g the group velocity [31] , [35] . Note that as explained, for example, in [35] Γ is dependent on the relative orientation of the Si crystal and the polarization. All components of the electric field are included in this formulation, including the longitudinal field [53] and the anisotropy in optical nonlinearity through χ (3) . Slow-light enhancement via v g is also explicitly accounted for; this enhancement can be an important phenomenon in strongly dispersive photonic-guiding structures [73] . As shown in Fig. 8 , the group velocity v g varies sensitively with waveguide width. Note in addition, the negative correlation between v g and the longitudinal field component E z as discussed above in Section IV. It is useful to compare the expression for γ with that obtained using the approximations and formulation of optical fibers. This comparison shows several important differences: 1) The crystal nature of Si changes the value of the overlap integral, i.e., a more complex materials component is then present, 2) all field components, i.e., transverse and longitudinal, must be considered as contributing to v g , and 3) the group index is much different than in optical fibers. Fig. 8 also shows the variation of γ on the waveguide width illustrating that it is maximized where the group velocity is minimized. The group velocity is also shown to be minimized where the maximum value of the longitudinal electric field is also maximized. The maximum electric field intensity confinement, which is characterized by the parameter F, occurs in slightly smaller waveguides compared to waveguide dimensions corresponding to the minimum group velocity. This behavior is a modal analogue of enhanced focusing observed in tightly focused beams engineered to have large longitudinal electric fields, where instead of a more tightly focused beam at a point in free space [74] , there is a more tightly confined electric field density in the propagating mode due to the presence of large E z component.
Finally, in addition to its dependence on waveguide width, γ (both its real and imaginary parts) has very significant wavelength dependence in the telecomm and near-IR regions [38] - [40] , [75] , [76] . This wavelength dependence has several important consequences. First silicon's large nonlinearity, captured in the nonlinear index, n 2 , extends well into the 2-3 μm spectral region, making near-mid-IR nonlinear optics possible. In addition, two-photon absorption (TPA), typically characterized by the parameter, β TPA , becomes negligible for λ > 2.2 μm, making silicon nanowires ideal for high power applications in the 2-μm region. A further important fact is that a nonlinear figure of merit, FOM, is generally used to characterize and understand the limitations of nonlinear guided wave media, where FOM = n 2 /(β TPA λ). Thus for Si wires at 1.54 μm the FOM of Si is ∼0.35 [76] . This value is somewhat low that other nonlinear guided wave materials have been reported and investigated, which have higher FOM, including Hydex glass, Si 3 N 4 , and As 2 S 3 [77] , [78] . Despite its modest FOM, Si wires are still of use for many linear-and nonlinear-optical applications at 1.5 μm, while for higher power applications an operating wavelength of between 2-3 μm enables high-performance nonlinear Si-wire devices.
As previously introduced, γ depends on the orientation of the waveguide with respect to the principal axes of the Si crystal [79] , while in contrast, the usual linear guided modes depend only on the refractive index, which is isotropic in Si. An earlier paper illustrated this point by considering photonic wires patterned on a standard SOI (0 0 1) wafer [79] . In this case, γ was calculated for a set of different waveguide orientations assuming typical 220 nm × 500 nm (height × width) dimensions. In particular, the nonlinearity γ was then monitored as the wire was rotated through a set of angles about the [0 0 1] direction; this calculation yielded the results shown in Fig. 9 . Note Fig. 10 . Wavelength-dependent dispersion coefficients for the fundamental quasi-TE mode of a silicon nanophotonic wire. Numerically calculated values for the second-order dispersion β 2 and the fourth-order dispersion β 4 are illustrated by the solid black and dashed blue curves, respectively. From Ref. [80] . that since there is considerable variation in γ for the previously measured values of the ratio for the nonlinear susceptibility components, the variation in γ is determined by the range of values of χ (3) 1111 /χ (3) 1122 .
A. Need for Higher-Order Phase Matching
In many nonlinear applications of Si photonic wires, i.e., wide spectral-bandwidth parametric mixing, dispersion must be controlled over a very large frequency range. In this case, it is necessary to set dispersive orders up to the fourth order. When dispersion at the pump wavelength up to the fourth-order,β p 4 , is retained, the equation governing phase matching becomes [80] :
To calculate the silicon nanophotonic wire dispersion and effective nonlinearity parameter, the wavelength-dependent modal effective indexn (λ) of the silicon wire's fundamental QTE mode is calculated using a fully vectorial commercial finite-element mode solver, with high spectral resolution (Fem-SIM, RSoft, Inc), e.g., typically 1 nm. The dependence ofn (λ) or its corresponding frequency-dependent data can then be fitted using a ninth-order polynomial. The second-and fourth-order dispersion coefficients, β 2 and β 4 , respectively, are calculated via the expression β n = d n β 0 /dω n , where β 0 = ωn (ω) /c is the modal propagation constant, and c is the speed of light in vacuum. As shown in the example in Fig. 10 , the engineered waveguide dimensions produce anomalous dispersion conditions (second-order dispersion β 2 < 0) between the two zerodispersion wavelengths (ZDWLs) of 1810 nm and 2410 nm. The silicon nanophotonic wire also has small positive fourth-order dispersion (β 4 > 0) within the same wavelength range. These opposite signs of β 2 and β 4 permit phase-matching when this silicon nanophotonic wire is pumped within this same wavelength range.
VI. APPLICATIONS

A. Introduction
The unique properties of Si-wire waveguides exhibit not only interesting guided wave physics but they also offer new possibilities for applications of ultrasmall integrated optical devices. Below we illustrate two of these potential applications of these structures, whose unique properties are the result of the strong confinement in these high-refractive-contrast waveguides.
B. Z-Field Tweezers
One important application of the use of the strong optical fields in nanowires is its use in optical tweezers [81] , [82] , which is a device allowing the manipulation of a particle or molecule trapped by the electric field [83] - [85] . Optical tweezers are capable of manipulating and maneuvering particles with dimensions of thousands to hundreds of nanometers. A key challenge in such systems is to deal with optical diffraction, which can limit local intensities. This application was explored, for example, in work by [82] , who showed that the enhanced gradient forces in ultrasmall silicon-slot waveguides enables the use of silicon nanowire waveguides for applications in optical trapping, tweezing, and transport of ultrasmall dielectric particles. This work demonstrated both theoretically and experimentally. In addition, [53] showed that particularly large axial fields could be obtained at the edge of an abruptly terminated nanowire waveguide, where the longitudinal field contributes to the attractive gradient force and not the repulsive scattering force. As an example, consider propagation of the fundamental QTE mode in a semi-infinite wire; for specificity, we consider a 260 × 500 nm 2 wire, with SiO 2 cladding and with its end terminated at an air interface. In addition, we ignore the effects of Fabry-Perot resonances, which would be seen in a finite-length wire. Using this wire, numerical calculation can then be carried out to obtain all three of the field components of the propagating wave in the wire as function of the waveguide dimensions.
The modes in such a wire are shown clearly through the use of a finite-element simulation and their field components. Consider first the electric field spatial distribution in this singlemode wire waveguide. The simulated E x and E z components, both normalized to the maximum value of the E x component, are shown Fig. 11(a) and (b) , respectively. The E z field also extends well beyond the end facet of the cleaved wire, as is shown in Fig. 11(c) , which plots |E z | 2 at a position 40 nm from the end facet and normalized to |E T (max) | 2 in the wire. The discontinuity in E z and the continuity of the other components at the exit facet of the waveguide is a result of the well-known boundary conditions of an optical field at a dielectric interface.
It is also possible to make a modal source with a controllable longitudinal component, E z , by introducing a second identical waveguide adjacent to the original wire. This approach is shown in Figs. 12 and 13 . These figures show an identical but phasedelayed mode introduced in a second waveguide and coupled to the first via a narrow, i.e., 10s of nm, slot. The degree of interference between the transverse modes can then be controlled by the phase difference between the initially isolated modes, as would be possible if the waveguides were part of, say, a Mach-Zehnder interferometer. The first two fundamental system modes yield a highly confined transverse field in the gap region; this problem is then reduced to the system modal structure seen in the well-studied slot waveguide [86] , [70] . However, one significant difference between the slot waveguide structures [86] , [70] and the discussion here is that the slot waveguide is typically designed to optimize or manipulate the transverse fields in the gap region, while for the application studied here and shown in Fig. 13(c) -(e), the longitudinal electric fields are maximized in the gap instead, and even more enhanced at the terminated output. This difference arises from the choice of different geometrical dimensions and phase relationship to enhance the longitudinal component of the field.
The structure in Fig. 13 , has symmetric and antisymmetric system modes where the transverse fields in the two arms have a zero-and π-phase difference, respectively, and are confined well within the Si regions. For the antisymmetric mode, the longitudinal components of the evanescent tails are in phase in the gap [see Fig. 13(a) ], while the transverse fields are out of phase in the gap [see Fig. 13(b) ]. Under these conditions the gap is filled with a purely longitudinal electric field. Note that rigorous analyses have been carried out to determine the optical forces in evanescently coupled waveguides [87] .
A final key point for potential applications in optical tweezers is that the modal interference effects described above are also reflected in the fields emanating into the air beyond the end facet. Thus, as shown in Fig. 13(c) , the longitudinal fields, E z , interfere constructively in the air and dominate over that of the transverse field, E x . This interference gives rise to a narrowly peaked distribution of |E z | 2 within tens of nanometers of the end facet, i.e., this peak has a 320 nm (∼ λ/5) fullwidth half-maximum. This value of |E z | 2 is ∼1.4 times that of |E x | 2 within the wire. Such an intense longitudinal field can be used for tweezer applications since this region will exhibit a purely attractive force. Note as mentioned above, experimental exploration of wires, using transfer fields, has been reported previously [82] .
C. Wide-Spectral Bandwidth Wavelength-Conversion and Shifting
A second and very widely investigated application of Si photonic wires has been their use in efficient and practical FWM schemes. This parametric process is frequently used for data communications and for optical interconnects. For example, FWM has been reported as a means of format conversion [88] , wavelength conversion [89] , [90] , and data multicasting [91] .
The four-wave mixing process is sensitive to the relative phase between co-propagating waves, hence its wavelength conversion bandwidth and efficiency is intrinsically limited by dispersion [27] . In this section, we show that the unique dispersive properties of Si-wire waveguides can be used for two new approaches to enable efficient broadband phase matching on chip. As an example of a specific process, consider degenerate FWM for wavelength conversion. For this specific example, a pump pulse with λ p = 1.55 μm and a signal pulse λ s = 1.8 μm are chosen to be separated spectrally (250 nm) by a wavelength difference much greater than the conversion bandwidth of the waveguide (see below). Note that from energy conservation, in this case the idler wavelength will be 1.361 μm.
We illustrate this approach using a typical Si-wire waveguide of cross section 220 nm × 500 nm and length L = 0.5 cm. A wire waveguide with these dimensions is highly dispersive near λ = 1.55 μm, and has a large group-velocity dispersion coefficient, β 2 ≈ −3.3 ps 2 m −1 . This dispersion causes efficient FWM to have a relatively small bandwidth of Δλ ≈ 35 nm [33] . Further, in the presence of a strong pump beam, phase matching is further reduced due to nonlinear phase-shift effects as was shown earlier in Eq. (6) . Under these conditions the mismatch is given by Δβ = 2γP p -(2β p − β s − β i ), where β p,s,i is the propagation constant of the pump, signal, and the idler, respectfully. Thus, if P p = 100 mW [33] , the phase mismatch is then Δβ = 0.0834 μm −1 . For efficient conversion, this total phase mismatch must be compensated. The central approach to correcting such phase mismatch is to use "dispersion engineering" of the waveguide, as it was discussed earlier in this review. However it has recently been found that the properties of Si-wire waveguides enable two novel approaches for reducing phase mismatch-both of which use periodic variation in the waveguide properties. These approaches are the formation of a nonlinear-optical grating via use of nonlinear optical nonlinearity in Si waveguides and the fabrication of a nanometer-scale modulated waveguide (or waveguide quasi-phase matching), both of which form a periodic structure for phase matching; these approaches are discussed below. [95] for achieving phase matching using "phase match switching" PMS, which uses variation of the width (and hence the propagation constant, Δβ, in a waveguide) by periodic variation of the width of the waveguide with length along the waveguide axis (z). A top view of such a variation is shown in the inset in Fig 14(a) . Fig. 14(a) shows such a variation in width for the waveguide and (b) shows the corresponding increase in conversion in intensity with distance (solid line) as compared to a waveguide with the same average width but no variation in width (dotted line). For the simulations: input P p u m p = 300 mW (λ = 1550 nm), P sign al = 100 μW (λ = 1730 nm), linear waveguide loss of 1.5 dB/cm, average waveguide width of 660 nm, and waveguide width variation of 120 nm.
D. Basic Approach-Periodic Narrowband Changes in Dispersion
Prior to a discussion of advanced periodic structures using wires, we review the basic approach to using periodic waveguide variation to achieve phase matching. One early approach, for example, considered the use of rings in a nonlinear anisotropic crystal medium, e.g., Si, provide this variation [92] , [93] . Several groups have shown that such a periodic variation in waveguide width and, hence, waveguide dispersion can be an efficient and useful approach to alter the phase relation of an optical waveguide process [94] , [95] . Thus [95] used the coupled nonlinear propagation equations to show that such a periodic variation can provide an extra phase factor in a nonlinear mixing scheme. A consideration of the physics of this phase-matching switching (PMS) method shows that PMS can be realized with SOI waveguides, which are varied adiabatically between two waveguide widths in the direction of propagation (see example shown in Fig. 14 , which is obtained from a set of rigorous coupled nonlinear equations that take into account Kerr, Raman, and free-carrier-induced effects, e.g., TPA, free-carrier absorption (FCA), and free-carrier index change). Thus in this technique, the waveguide Δβ switches between two phase-mismatch values so as to form alternating parametric gain and loss regions along the waveguide. These phase-mismatched regions are designed to have the same sign and Δβ gain < Δβ loss , making the length, over which the idler wave is amplified, greater than that, over which there is loss. Unlike conventional phase-matched devices, these PMS wavelength converters can be operated at multiple pump wavelengths. This enables conversion of, for example, one-to-two wavelengths with a single pump or cascaded FWM with a single waveguide stage that allows PMS-based quasi-phase matching at the designed wavelengths.
E. Si Nonlinear Anisotropy for Phase Matching
The first approach to phase-mismatch compensation relies on a periodic structure formed by the crystallographic sensitivity of a nonlinear index change as discussed earlier in the section on Nonlinear Optical Response above. Waveguide geometries for two methods to realize the needed nonlinear index periodicity are shown in Fig. 15 : a ring resonator and a series of cascaded waveguide bends (CWB). With these structures, a nonlinear grating can compensate phase mismatch. Thus a phase mismatch of Δβ can be compensated by a periodic length of Λ N L = 2π/ |Δβ|. For example, a Δβ = 0.083 cm −1 will be compensated if Λ NL = 75.37 μm, by either a ring resonator or a CWB with R = 47.98 μm.
In order to rigorously examine the efficacy of the nonlinear grating approach, it is necessary to use a full FWM calculation that takes into account Kerr effects, TPA, FCA, free-carrier dispersion, and linear loss. This is a complex propagating wave simulation, which has been previously described for non-periodic devices [35] . With this approach, it is then possible to analyze the conversion-efficiency improvement resulting from a specific grating structure. Note that this method has recently been proposed for phase matching of FWM in a ring using the same anisotropic Kerr effect [92] [93] [94] . However, the particular case of a ring can pose a practical device challenge, since all signals would additionally have to meet the ring-resonance condition. An example of such a calculation for a CWB is shown in Fig. 16 for the cascade waveguide bend geometry. In this example λ p = 1.55 μm and R = 48 μm. It is useful to discuss the results of this calculation in terms of conversion efficiency, i.e., the ratio between output idler power and input signal power for varying λ s , versus wavelength or pump power. In this example, the nonlinear grating had R ≈ 50 μm. The results in Fig. 16 show a narrow conversion-efficiency enhancement of ∼12 dB at the desired wavelength. The inset of Fig. 16 quantifies how the conversion-efficiency enhancement varies with pump power. The maximum enhancement is achieved for CW pumping due to saturating photocarrier and two-photon induced optical limiting [89] . Finally, note that use of wavelengths, which have no nonlinear absorption, i.e., λ p > 2.2 μm [40] can further improve device performance.
A nonlinear grating formed with CWBs of varying R (or even a ring resonator) can be used to compensate a wide range of Δβ although typically such structures are limited by bending loss. This fact is illustrated by calculations, which show the large range in Δβ obtainable using this method [94] . Additional research has shown that this approach can be used for more complicated periodic or even aperiodic variations of γ including an apodized grating [94] .
F. Use of Large Geometric Dispersion in Si Wires, Quasi-Phase Matching
As discussed earlier in this paper, tight modal confinement in wire waveguides induces substantial waveguide dispersion. As mentioned above, this dispersion can be controlled through choice of the wire geometry [31] - [33] , [35] and, in fact, this method has yielded broadband, continuously tunable FWM devices [96] . However, more recently another approach has been demonstrated, which allows for increasing conversion efficiencies over even larger spectral spans, including converting signals over spans larger than 1000 nm.
This approach, which is a form of integrated quasi-phasematching (QPM), uses a sinusoidal width modulation (denoted as w-modulation [94] ) to reduce the phase mismatch between copropagating waves [97] . The approach thus increases the FWM conversion efficiency for signals outside the normal conversion bandwidth of uniform waveguides. A sketch of such a device is shown Fig. 17 . While originally designed to quasi-phase-match cw optical beams, this approach can easily be extended to pulsed QPM [98] .
This QPM approach can be numerically investigated using a coupled set of nonlinear Schrodinger equations, as detailed in Ref. [94] . Use of this tool has shown that variation of the amplitude of the waveguide width and grating period can be used to tune the bandwidth and spectral location of the enhanced FWM sideband generated in such a device. As shown in Fig. 18 , this width modulation also causes a concomitant variation in both the wire waveguide γ and β 2 . The model was validated experimentally with a w-modulated wire-waveguide device, fabricated using standard CMOS-compatible processes. The width modulation depth for this device was ∼10s of nm, with a 12 dB enhancement in the conversion efficiency for signals covering a 15 nm sideband, more than 100 nm beyond the edge of the conversion bandwidth centered on a pump wavelength, which was based solely on geometric modulation of the waveguide crosssection (plot of the conversion efficiency of this device is given in Ref. [94] ).
Scanning electron micrographs of the fabricated device are shown in Fig. 19(a) and (b) , which show maximum and minimum waveguide widths taken from a separate sample without top-cladding. This device had inverse-taper mode-converters and a periodicity of Λ = 1 mm, allowing 5 width-periods to be fabricated along a 5-mm-long waveguide. These images show clearly that, even though the change in width, Δw, is small compared to the overall waveguide width, it is sufficient for operation of the device. Note that in this case, it is important for this amplitude variation to be small in order to avoid spectral splitting of the enhanced side peak, which can result from large dispersion swings as a result of modulating the waveguide crosssection [94] . Finally, Fig. 19(c) shows a tilted-view SEM image of an actual fabricated device, exhibiting smooth sidewalls, and Fig. 19(d) shows a cross-section of the tip of the inverse-taper.
Nonlinear propagation wave simulations have been used to explore other related periodic-dispersion device concepts. These include devices designed to facilitate wavelength conversion between the C-band and mid-IR, including devices based on the superposition of several sinusoidal gratings and a uniform waveguide device used in conjunction with ZDWL pumping [94] . To illustrate these methods, consider only the second of these device concepts. In this approach, the conversion bandwidth of FWM is extended by pumping near a ZDWL point; this approach minimizes phase mismatch over a large spectral range. The ZDWL point is first set through changes in the waveguide geometry to maintain a broad standard-conversion bandwidth; periodic w-modulation is then added to establish a sideband beyond the edge of the conversion bandwidth.
However, a major issue in the approach of directly varying the waveguide width is that the conversion bandwidth is sensitive to waveguide cross-section as discussed in [94] . Thus another approach to w-modulation has been devised, which allows periodic waveguide modulation and yet maintains the same cross-section. This weaker perturbation uses modulation of a Fig. 17 . Sketch of a device for quasi-phase matching for four wave mixing in a width (w)-modulated wire waveguide. In the device, the input pump and signal waves interact via FWM to generate an idler. The conversion efficiency for this parametric process is enhanced for specific wavelengths, since the periodic modulation of waveguide parameters is resonant at certain wavelengths. From. Ref. [94] . The CE spectrum for a 300 × 1000 nm 2 SiNWG with 30 nm slab height and Δw slab = 100 nm, w D C , slab = 600 nm, and Λ = 3000 μm (black line); the red line shows the same waveguide without width variation in the wing. An enhanced CE sideband is present due to QPM, and facilitates FWM over more than 1000 nm, between 1625 and 2695 nm. The peak CE of the sideband is −25 dB, only 8 dB below the CE near the pump wavelength. The inset shows a schematic illustrating a slab-modulated SiNWG. From. Ref. [94] .
waveguide slab [99] positioned under the Si channel wire waveguide. In particular, a sinusoidally varied slab width (w slab ) is used as seen in the inset in Fig. 20 . The slab width profile is defined using Eq. (4), where Δw slab and w DC,slab are defined in the inset of Fig. 20 . Fig. 20 also shows the results of simulating such a structure [94] , based on the ZDWL of [96] , i.e., a waveguide with 300 nm height and 30 nm slab height, SiO 2 cladding; its 1000 nm width places the ZDWL near 1855 nm and Δw slab = 100 nm, w DC,slab = 600 nm, and Λ = 3000 μm; a comparison is shown with the conversion efficiency of an unmodulated identical waveguide. A coupled pump power of 20 dBm is assumed, along with a 1.5 cm waveguide length, 1 dB/cm propagation loss, λ p = 2025 nm, and free-carrier lifetime, τ c = 3 ns. Since such a broad wavelength range is considered in this example, the linear phase-mismatch Δβ lin is calculated directly for use in the propagating wave calculation, using the phase-matching equation. Finally, this design demonstrates that w-modulation can be used with other dispersion control methods to achieve a broad conversion bandwidth. It thus can extend the spectral reach of FWM. Mid-IR applications, including free-space communication and chemical sensing, can use this approach to QPM to interconvert between the mid-IR and telecommunications bands, and leverage telecom sources and detectors in mid-IR systems for increased performance.
VII. SUMMARY
Si-wire waveguides offer new and unique properties in their linear and nonlinear optical response. These properties result from distinctive features of the SOI-materials platform, including silicon's large refractive-index contrast when used with a SiO 2 or air cladding. This contrast leads to tight confinement of light to sub-wavelength dimensions. Waveguide structures supporting guided modes at telecom wavelengths can readily be fabricated using advanced lithographic tools to obtain low-loss waveguides with cross-sectional dimensions of only a few hundred nm's. This reduction in available waveguide dimensions also leads to new flexibility in guided wave design, including optical dispersion engineering, requiring only modest adjustments to waveguide geometry. It also leads to high optical-field densities, reduced group velocities and thus group-velocity-enhanced effects, or unusual optical properties of the supported guided modes, such as the relative polarization amplitudes. As a result, wires have been used for the design and realization of optical devices with reduced footprint and in many cases enhanced performance.
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